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Exclusive dimuon production in ultraperipheral collisions (UPC), resulting from photon-photon interactions
in the strong electromagnetic fields of colliding high-energy lead nuclei, PbPb(γ γ ) → μ+μ−(Pb()Pb() ), is
studied using Lint = 0.48 nb−1 of √sNN = 5.02 TeV lead-lead collision data at the LHC with the ATLAS
detector. Dimuon pairs are measured in the fiducial region pT,μ >4 GeV, |ημ|<2.4, invariant mass mμμ >10
GeV, and pT,μμ <2 GeV. The primary background from single-dissociative processes is extracted from the
data using a template fitting technique. Differential cross sections are presented as a function of mμμ, ab-
solute pair rapidity (|yμμ|), scattering angle in the dimuon rest frame (| cos ϑμμ| ), and the colliding photon
energies. The total cross section of the UPC γ γ → μ+μ− process in the fiducial volume is measured to be
σ
μμ
fid = 34.1±0.3(stat.)±0.7(syst.) μb. Generally good agreement is found with calculations from STARlight,
which incorporate the leading-order Breit-Wheeler process with no final-state effects, albeit differences between
the measurements and theoretical expectations are observed. In particular, the measured cross sections at larger
|yμμ| are found to be about 10–20% larger in data than in the calculations, suggesting the presence of larger
fluxes of photons in the initial state. Modification of the dimuon cross sections in the presence of forward
and/or backward neutron production is also studied and is found to be associated with a harder incoming photon
spectrum, consistent with expectations.
DOI: 10.1103/PhysRevC.104.024906
I. INTRODUCTION
Collisions of nuclei at ultrarelativistic energies are typ-
ically studied for processes in which the nucleons interact
hadronically at impact parameters less than twice the nuclear
radius (b < 2RA), producing a large volume of hot, dense
quark-gluon plasma in the overlap region, which can decay
into thousands of outgoing hadrons. Events with the smallest
impact impact parameters (b ≈ 0) are referred to as “central”
events, while those with the largest (b ≈ 2RA) are called “pe-
ripheral” events. However, the strong electromagnetic (EM)
fields of large nuclei can also induce interactions in “ultra-
peripheral” collisions (UPC), events with impact parameters
well beyond twice the nuclear radius (b > 2RA), where any
contributions from strong interactions are negligible. In the
Weizsäcker-Williams approach [1,2], based on a proposal
from Fermi [3], also referred to as the “equivalent photon
approximation” (EPA), the Lorentz-contracted EM fields act
as a source of high-energy, nearly real photons. In nuclear
collisions, photons with wavelengths larger than the nuclear
size are produced coherently from the entire nucleus, and thus
their flux is enhanced by a factor of Z2 for each nucleus,
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relative to incoherent emission. While the photon energy in
the rest frame is limited to O(h̄c/RA) ≈ 25 MeV, where RA is
the nuclear radius, the longitudinal boost leads to photons of
up to 75–100 GeV at the highest-available LHC nuclear beam
energies (2.51 TeV per beam, corresponding to a Lorentz
boost of γ = 2595). At such high energies, UPC can induce
a wide variety of exclusive final states in lead-lead (Pb+Pb)
collisions—dileptons, dijets, and diphotons being the most
commonly measured—for which no other activity is observed,
except for nucleons emitted at very small angles relative to the
beam direction. The photons are also characterized by small
transverse momenta of O(h̄c/RA), such that high-energy de-
cay products in these exclusive final states are almost perfectly
balanced in the transverse direction.
Exclusive dimuon final states can be produced in Pb +
Pb collisions via two primary UPC processes: (1) reso-
nant diffractive photon-pomeron scattering which produces
a vector meson that subsequently decays muonically, and
(2) nonresonant exclusive two-photon scattering to dimuons,
PbPb(γ γ ) → μ+μ−(Pb()Pb() ), inclusive in the excitation
of the outgoing nuclei (indicated by the ). UPC dimuon
production is often referred to as the Breit-Wheeler process
[4]. The leading-order Feynman diagram for UPC dimuons is
shown in Fig. 1(a). Once the invariant mass of the dileptons
exceeds 10 GeV, the nonresonant two-photon contributions
are by far the dominant contributions to the cross section.
Although these purely EM interactions have a small cross sec-
tion relative to strong interactions, the two-photon luminosity
in UPC is enhanced over the nuclear luminosity by Z4. Thus,
substantial rates of such processes are expected in heavy-ion
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FIG. 1. Diagrams for the (a) leading-order PbPb(γ γ ) → μ+μ−(PbPb) and (b) next-to-leading-order PbPb(γ γ ) → μ+μ− + γ (PbPb)
(middle) Breit-Wheeler process in Pb+Pb collisions, and (c) the dissociative PbPb(γ γ ) → μ+μ− + X (PbPb) process where one photon
is emitted from the substructure of one of the nucleons, leading to nucleon fragmentation in the far-forward direction.
collisions, and they are directly sensitive to the number and
momentum distributions of photons emitted from a single
nucleus. Precise measurements of the incoming photon fluxes
are of great value for calibrating the rates of other hard pro-
cesses involving UPC, such as the photonuclear production
of hadrons and jets [5], and for improving predictions for
purely EM processes such as light-by-light scattering [6,7].
UPC dimuons can also be a non-negligible background for
vector-boson production in peripheral heavy-ion collisions,
where the EM fluxes exceed the partonic fluxes [8]. Compre-
hensive reviews of UPC physics, and two-photon physics in
particular, can be found in Refs. [9–11].
Several groups have performed calculations of exclusive
dilepton production at the BNL Relativistic Heavy Ion Col-
lider (RHIC) and the CERN Large Hadron Collider (LHC)
[12–17]. In all calculations, the photon flux from each nucleus
is usually modeled starting with a point source, but the finite
extent of the nuclei is handled in different ways. The most
widely used model is STARlight, the dilepton formalism of
which is discussed in Ref. [12]. It has a sophisticated handling
of the nuclear charge distributions, but it is missing several
processes relevant for describing both signal and background
in experimental data. None of the calculations to date include
higher-order final-state QED effects, an example of which
is shown in Fig. 1(b), where the muons are accompanied
by additional resolved soft photons in the final state. Disso-
ciative processes, where one photon is emitted by charged
constituents of a nucleon, as shown in Fig. 1(c), are also
neglected by most models, in part due to the fact that these
processes are not coherently enhanced.
The study of exclusive dimuon cross sections, conditional
on observations of forward neutron production in the direc-
tion of one or both incoming nuclei, provides an additional
experimental handle on the impact parameter range sampled
in the observed events [12,18–20]. In any particular collision,
soft photons emitted by one lead nucleus (Pb) can excite
the other (Pb), typically through the giant dipole resonance
[21], and induce the emission of one or more neutrons, each
of which carry, on average, the full per-nucleon beam en-
ergy. Since the probability of these excitations, as well as
the overall hardness of the photon spectrum, is correlated
with the nucleus-nucleus impact parameter b [12], events
with neutron excitation are typically correlated with harder
photon collisions. In STARlight, dilepton cross sections as-
sociated with forward neutron production are calculated by
convolving differential cross sections for low-energy photonu-
clear neutron production with the expected photon fluxes,
thus in principle providing an essentially parameter-free
prediction. Of course, the contribution from nucleonic dis-
sociative processes must be subtracted before comparisons
with data.
Exclusive dimuon cross sections are usually presented as a
function of the following quantities of the dimuon final state:
(i) The dimuon invariant mass mμμ, which is equivalent
to W , the center-of-mass energy of the colliding γ γ
system.
(ii) The dimuon pair rapidity yμμ, which is the rapidity of
the four-vector sum of the two muons. Conservation
of longitudinal momentum implies that yμμ is equal
to the rapidity of the γ γ system.
(iii) The cosine of the dimuon scattering angle ϑ in the
γ γ center-of-mass frame, | cos ϑμμ| . This is calcu-
lated from the rapidities of the two muons, y+ and y−,
as tanh[(y+ − y−)/2].
(iv) The acoplanarity α = 1 − |φμμ|/π which reflects,
in part, the initial dimuon pT,μμ.
While these are all final-state observables, the fact that the
final state consists of only the two muons allows the initial
photon energies (k1 and k2) to be determined from the final-
state muons. This is described in detail in Sec. IX, and these
variables are perhaps the most transparent way to compare
the experimental data with yields determined by the nuclear
photon fluxes assumed by the models.
The ALICE and CMS experiments have performed sev-
eral measurements of exclusive vector-meson production in
Pb+Pb collisions, for which the Breit-Wheeler process is one
of the backgrounds. Reference [22] presents the measured
contribution from the dilepton continuum out to invariant
mass mμμ = 10 GeV. They found no observable contribution
from the ϒ , which is expected to have a cross section at
least an order of magnitude below the continuum at LHC
energies. ALICE has also measured J/ψ in UPC in p + Pb
collisions [23]. ATLAS [24,25] and CMS [26] have both
measured exclusive high-mass dileptons in proton-proton (pp)
collisions, and LHCb has measured exclusive ϒ production
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[27]. At RHIC, where the maximum photon energy is about
3 GeV, STAR has measured low-mass continuum electron
pairs [28,29], ρ0 photoproduction [30]. PHENIX has mea-
sured the cross section for J/ψ and the continuum below
the J/ψ peak [31]. CDF has observed exclusive electron pair
production out to mee = 30 GeV [32] and exclusive muons
[33] in 3 < mμμ < 4 GeV. CMS has measured modifications
of α distributions, but not cross sections, as a function of the
forward neutron topology [34]. In no case has a heavy-ion
cross section measurement of the dilepton pair continuum
been performed above 10 GeV, which impedes precise predic-
tions for higher-mass γ γ processes, particularly light-by-light
scattering [35–38].
This paper presents measurements of cross sections for
exclusive dimuon production in UPC with lead nuclei,
PbPb(γ γ ) → μ+μ−(Pb()Pb() ), using Lint = 0.48 nb−1 of
data taken in 2015. The measurements are performed for
a fiducial region matched to the optimal performance for
measuring muons in ATLAS. This requires single muons
with transverse momentum pT,μ > 4 GeV and pseudorapidity
|ημ| < 2.4, a pair invariant mass range 10 < mμμ < 200 GeV,
and a pair pT,μμ < 2 GeV. The cross sections are measured
by selecting events using a single-muon trigger, in associa-
tion with an otherwise low-multiplicity event. The events are
required to consist only of two oppositely charged muons,
with no other measured activity in the ATLAS inner detector.
Events are then corrected for muon trigger and reconstruction
efficiencies, migration relative to the fiducial region, and for
dissociative backgrounds. The cross sections are presented as
a function of the final-state dimuon pair mass (mμμ), pair ra-
pidity (yμμ), γ γ center-of-mass scattering angle (| cos ϑμμ| ),
and the dimuon acoplanarity. The two muon four-momenta
can be combined to present cross sections as a function of
the maximum and minimum energies of the incoming pho-
tons. Detailed comparisons of these data with predictions
from STARlight provide the first detailed comparison at LHC
energies of the various aspects of STARlight—from the nu-
clear photon fluxes to the implementation of the exclusivity
condition—with experimental data over a very wide range in
initial photon energies (up to 100 GeV). To vary the impact
parameter range sampled by the dimuon events, events are
classified according to their forward neutron topology, i.e.,
whether or not the neutrons are emitted in the forward or
backward direction, or both, and corrected for the presence of
EM pileup processes. Finally, cross sections for events with no
forward neutron activity, which removes dissociative events,
are presented as a function of dimuon acoplanarity. These
data can be used to study the impact of QED showering on
the final-state muons in a environment with very low back-
grounds.
II. ATLAS DETECTOR
The ATLAS detector [39] at the LHC covers nearly the
entire solid angle around the collision point. It consists of an
inner tracking detector surrounded by a thin superconducting
solenoid, electromagnetic and hadronic calorimeters, and a
muon spectrometer incorporating three large superconducting
toroidal magnets with eight coils each.
The inner detector (ID) is immersed in a 2 T axial mag-
netic field and provides charged-particle tracking in the range
|η| < 2.5. The ID is composed of three major subsystems. The
high-granularity silicon pixel detector covers the vertex region
and typically provides four measurement points per track. It
is followed by the silicon microstrip tracker, which usually
provides four two-dimensional measurement points per track.
These silicon detectors are complemented by the transition
radiation tracker, which covers the pseudorapidity1 interval
|η| < 2 and thus enables radially extended track reconstruc-
tion in that range.
The calorimeter system covers the pseudorapidity range
|η| < 4.9. Within the region |η| < 3.2, electromagnetic
calorimetry is provided by barrel and endcap high-granularity
lead/liquid-argon (LAr) electromagnetic calorimeters, with
an additional thin LAr presampler covering |η| < 1.8 to cor-
rect for energy loss in material upstream of the calorimeters.
Hadronic calorimetry is provided by the steel/scintillator-
tile calorimeter, segmented into three barrel structures within
|η| < 1.7, and two copper/LAr hadronic endcap calorimeters.
The solid angle coverage is completed with forward cop-
per/LAr and tungsten/LAr calorimeter modules optimized for
electromagnetic and hadronic measurements respectively.
The muon spectrometer (MS) comprises separate trig-
ger and high-precision tracking chambers measuring the
deflection of muons in a magnetic field generated by the su-
perconducting air-core toroids. The field integral of the toroids
ranges between 2.0 and 6.0 Tm across most of the detec-
tor. A set of precision chambers covers the region |η| < 2.7
with three layers of monitored drift tubes, with the innermost
chambers replaced by cathode strip chambers in the forward
region (|η| > 2), where the background is highest. The muon
trigger system covers the range |η| < 2.4 with resistive plate
chambers in the barrel, and thin gap chambers in the endcap
regions.
Muon reconstruction is first performed independently in
the ID and MS. The information from the individual subde-
tectors is then combined to form the muon tracks that are used
in the analysis [40].
A multilevel trigger system is used to select interesting
events [41]. The first-level (L1) trigger is implemented in
hardware and uses a subset of detector information to reduce
the event rate to a design value of at most 75 kHz. This is
followed by a software-based high-level trigger (HLT) which
reduces the event rate to several kHz.
To reject hadronic interactions, this measurement makes
use of the minimum-bias trigger scintillators (MBTS), which
cover 2.08 < |η| < 3.75 with two rings of scintillator coun-
ters positioned at z = ±3.28 m from the ATLAS IP. The inner
1ATLAS uses a right-handed coordinate system with its origin at
the nominal interaction point (IP) in the center of the detector and
the z axis along the beam pipe. The x-axis points from the IP to the
centre of the LHC ring, and the y axis points upwards. Cylindrical
coordinates (r, φ) are used in the transverse plane, φ being the
azimuthal angle around the z axis. The pseudorapidity is defined in
terms of the polar angle θ as η = − ln tan(θ/2). Angular distance is
measured in units of R ≡ √(η)2 + (φ)2.
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MBTS ring covers 2.78 < |η| < 3.75 with eight slats, each
subtending approximately 45◦ in azimuth.
During heavy-ion running, two zero-degree calorimeters
(ZDC) are installed at z = ±140 m, upstream and downstream
of the IP in both directions, each covering approximately
|η| > 8.3 for neutral particles, which are primarily neutrons
and photons. Each detector side (labeled ZDC+ for η > 8.3
and ZDC− for η < −8.3) consists of four modules, each with
approximately one interaction length of tungsten absorber
surrounding layers of vertical quartz rods. Hadronic showers
induce Cherenkov photons in the quartz which are transported
to a photomultiplier tube about 35 cm above the top edge
of the absorber. The ZDC calibration is performed in each
set of four modules using photonuclear processes that deposit
one or more neutrons on one side, used for triggering, and a
single neutron, carrying the full per-nucleon beam energy, on
the other. Time-dependent module weights are determined in
short time intervals to minimize the variance around the nomi-
nal per-nucleon beam energy. Energy resolutions achieved are
typically around E/E ≈ 16%.
III. TRIGGER AND LUMINOSITY
The data analyzed in this paper are from the 2015 Pb + Pb
run at the LHC. The primary event trigger used in this work
utilized nearly the full ATLAS detector system: the MS trig-
ger, the full calorimeter system, the ID, and the MBTS.
A. Event trigger
To collect a large sample of exclusive dimuon events, the
L1 trigger signature was a coincidence of a muon track in
the MS, with no specific transverse momentum selection, for
events with a maximum transverse energy of 50 GeV regis-
tered in the entire calorimeter system. The MBTS detectors
were used in the HLT to reject events with more than one hit
in the inner ring in either the forward or backward direction.
Finally, the ID was used in the HLT to select events with a
well-reconstructed track with pT > 200 MeV. The efficiency
of the HLT track trigger is estimated to be approximately
100%. The MBTS veto in the trigger could potentially lead
to inefficiencies if the noise rate is sufficiently high. Using
events triggered on empty bunch crossings, it is found that the
fraction of events failing the MBTS selection is negligible.
Thus, the efficiency of the trigger is driven primarily by the
efficiency of the L1 MS trigger requirement for single muons.
This was determined using minimum-bias data, and cross-
checked using exclusive dimuon events, as described below
in Section VII B.
All selected events are also required to pass standard
quality preselections. Events are required to be taken dur-
ing periods where ATLAS is fully operational. Furthermore,
events with identified problems associated with the ID,
calorimeter, or data acquisition are removed. This only occurs
in 0.15% of the total number of events, so no correction for
this procedure is applied.
B. Luminosity and electromagnetic (EM) pileup
The primary trigger provided rejection against hadronic
events using the MBTS requirement. Thus, it sampled the full
luminosity of the 2015 heavy-ion run. The total integrated lu-
minosity used for this analysis is found to be Lint = 0.48 nb−1
with an uncertainty of Lint/Lint = 1.5% [42].
The peak instantaneous luminosity during the run reached
L = 3 × 1027 cm−2s−1, while the average luminosity was
about half of that. Using the total hadronic cross section for
Pb + Pb predicted by Glauber calculations [43], σAA = 7.7 b,
one expects an interaction rate per bunch crossing of about
μ = 0.004. Averaging over the full 2015 running period gives
a mean interaction rate per bunch crossing of μ = 0.0022.
However, the hadronic interaction rate is not the relevant one
when considering the impact of EM pileup on forward neu-
tron production. The large photon fluxes at very low photon
energies give a cross section for forward neutron production
from EM dissociation (EMD) in each arm of about 200 barns.
This cross section has not yet been measured at 5.02 TeV,
but it has been measured by ALICE in Run 1 at 2.76 TeV
to be 181.3 ± 0.3(stat.)+12.8−10.9(syst.) barns [44]. The RELDIS
model [19] predicts a relative increase of 11% in the cross
section between 2.76 and 5.02 TeV. Applying this correction
to the ALICE cross section gives a predicted cross section of
201.2 ± 0.3(stat.)+14.2−12.1(syst.) barns for single inclusive EMD,
where one or more neutrons are detected in one direction,
independent of the other. A similar scaling, utilizing predic-
tions at 2.76 and 5.02 TeV, predicts a cross section for mutual
EMD, where neutrons are detected in both directions, of 6.0 ±
0.1(stat.) ± 0.4(syst.) barns. The computed cross sections for
5.02 TeV can be used to extrapolate the mean number of EM
interactions per bunch crossing by scaling μ by the ratio of
cross sections 201.2/7.7 = 26.1. This gives μ1EMD = 0.0583
for exclusive single EMD, which can be converted to the
probability of at least one interaction per crossing as pS =
1 − P(0) = 1 − exp(−μ) = (5.59+0.38−0.33) · 10−2. Similarly, the
mutual interaction probability per event based on rescaling us-
ing the RELDIS ratio is pM = (0.174 ± 0.011) · 10−2. These
quantities are used in Sec. VII F to correct the observed frac-
tions of events with a particular forward neutron topology.
IV. THEORETICAL BACKGROUND
Analytic calculations of dilepton rates, which are used as
the basis for Monte Carlo (MC) generators, typically involve
an integral over the factorized product of a two-photon flux
(which acts as an effective luminosity) and the γ γ → μ+μ−
cross section from perturbative QED. An event-by-event
sampling of the scattering angle, as well as the transverse
momenta of the scattering photons, is performed to generate a
sample of events satisfying the fiducial selection.
Primarily following the discussion in Ref. [12], the two-
photon flux is the joint distribution of the incoming photon









d2b2 n(k1, b1) n(k2, b2) P(b),
(1)
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where the functions n(ki, bi ) are single-nucleus photon differ-
ential fluxes d3N/d2bidki, which depend on the magnitudes of
	b1 or 	b2, the position vectors relative to each nucleus, with the
origin at the nuclear barycenter. The function P(b) encodes
the interaction probability as a function of the nucleus-
nucleus impact parameter b, which is the magnitude of the
impact parameter vector 	b = 	b2 − 	b1. This function is a prod-
uct of different contributions, the two most important being
the probability of having no hadronic interaction and the
probability of a particular configuration of forward neutron
production. For ultrarelativistic nuclei, the photon flux for
each nucleus n(ki, bi ) can be approximated as







where x = biki/γ (γ is the Lorentz factor), K1 is a modified
Bessel function of the second kind, and α is the fine structure
constant.
To present the flux in a form that best matches the
dilepton production cross section, the photon energies need
to be presented in terms of their invariant mass (W ) and
pair rapidity (Y ), defined as k1,2 = (W/2) exp(±Y ) and Y =
(1/2) ln(k1/k2).
The observed rate of dimuon events is then the product of






σ (γ γ →μ+μ−),
where σ (γ γ →μ+μ−) is the dimuon production cross
section calculated from perturbative QED. Most UPC calcu-
lations use the lowest-order version of this: the Breit-Wheeler
process [4]. The rapidities of the final-state muons also depend
on the distribution of the center-of-mass scattering angle (ϑ),
calculated using lowest-order QED [45].
While the formalism shown here is shared between most
theoretical groups, there are differences both in how the in-
tegrals are restricted to exclude hadronic events, and where
dimuon pairs are allowed to form. This affects the integration
limits over 	b1 and 	b2, as well as the impact-parameter-
dependent function P(b):
(i) The photon flux from each nucleus always scales with
Z2 but its dependence on the radial coordinate (bi) has
to be regulated to account for the extent of the nuclear
charge distribution. In some calculations [16], this
is done by convolving the point charge with a form
factor derived from the measured nuclear densities. In
others, the nuclear radius is imposed as a minimum
radial distance for each nucleus, such that a dilepton
pair cannot be produced inside it [12].
(ii) At small impact parameters, hadronic processes occur
simultaneously with a γ γ process and contaminate
the exclusive process with additional hadrons. To
avoid needing to disentangle these two processes,
most calculations exclude the impact parameter range
where the nuclei overlap. This is sometimes approx-
imated as a step function imposing a condition on b,
the relative impact parameter between the two nuclei,
b > R1 + R2, where R1 and R2 are the radii of the two
nuclei. For realistic nuclear densities, the condition
is imposed as the impact-parameter-dependent proba-
bility of not interacting, so P(b) ∝ 1 − PH(b), where
PH(b) is the probability of a hadronic interaction at a
given b:




d2	r TA(|	r|) TA(|	r − 	b|)
)
,
where the nuclear thickness function TA(|	r|) is the
integral over z (the longitudinal coordinate along the
beam axis) of the nuclear density ρ(	bi, z). This func-
tion is essentially unity for impact parameters less
than the sum of the radii of the colliding objects,
e.g., b  2RA for symmetric nuclei, and drops to zero
rapidly above it.
(iii) Until recently (e.g., Ref. [46,47]), most calculations
did not account for the final-state radiation (FSR)
from the outgoing charged leptons, and none include
contributions from dissociative γ γ processes. This
process, shown diagrammatically in Fig. 1(c), also
produces dileptons, but one of the incoming photons
is radiated from a charged constituent of a nucleon,
and this radiative process is associated with a momen-
tum scale large enough to break up the nucleus. Both
of these effects tend to populate the dimuon acopla-
narity distribution in the region α > 0.01. However,
dissociative processes also induce nuclear breakup,
allowing a systematic disentangling of these two pro-
cesses in the experimental data by the comparison of
different ZDC selections.
(iv) The presence or absence of forward neutrons also
affects the impact parameter dependence of the two-
photon flux. STARlight implements this using Pfn(b),
an additional contribution to P(b). The function Pfn(b)
is the probability of a dissociative photonuclear inter-
action, where the precise form depends on the desired
forward neutron topology. This can be nondissocia-
tive (“0n0n,” with no neutrons in either direction);
single dissociative (“Xn0n,” with neutrons in only one
direction and not the other); or double dissociative
(“XnXn,” with neutrons emitted in both directions).
The primary quantity which determines Pfn(b) is
P1Xn(b), the rate of photodissociation of one nucleus





dk n(k, b)σγ A→A∗ (k),
where σγ A→A∗ (k) are measured photonuclear cross
sections [48], parameterized by k, the incoming pho-
ton energy measured in the target rest frame. Using
this, the probability of neutrons being emitted to-
ward each ZDC arm is PXn(b) = 1 − exp [−P1Xn(b)].
In STARlight the probability for exclusive single-arm
Xn0n events is 2PXn(1 − PXn); two-arm XnXn events
occur with probability P2Xn; and 0n0n events without
neutrons have probability (1 − PXn)2. For the beam
energy and kinematic selections studied in this paper,
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typical probabilities (for example, from STARlight)
for zero, one, and two ZDC arms are 60%, 35%, and
5% respectively.
(v) The transverse dimensions of the nuclear charge dis-
tributions are reflected in the transverse momenta of
the incoming photons. There are different ways to
implement this, but the most common approach is to
provide a transverse momentum kick to each photon
with a distribution determined primarily by the nu-
clear form factor. These are then summed vectorially
to give the intrinsic photon-pair pT that is imparted to
the lepton pair. While STARlight does not implement
an impact-parameter dependence of the photon-pair
pT, recent calculations suggest that this may be an
observable quantity [49].
These differences are relevant to all cross-section calcula-
tions. However, it should be noted that while the most widely
used framework for this, the STARlight model, has the most
sophisticated handling of the nuclear photon fluxes as well as
the nuclear overlap, it has no higher-order QED or nucleon
dissociative processes.
V. MONTE CARLO SAMPLES
Several different models are used to simulate signal and
background processes, as well as to add FSR. Fully simu-
lated samples are used to calculate experimental corrections
using single muons, and to test their accuracy on simulated
dimuon events. Fast simulations are used to study the impact
of QED showering on the measured dimuon final state. Finally
generator-level samples of dissociative pair production are
used to estimate the background contributions.
A. STARlight
STARlight [50] implements calculations of both the nu-
clear photon flux (including the nuclear form factor) and
the lowest-order QED cross sections for exclusive processes
[51], such as the process γ γ → μ+μ− studied in this paper.
Reference [12] provides the most complete presentation of
the STARlight formalism, including the modifications of the
dimuon spectrum when selecting on the number of ZDC arms
(zero, one, or two) with forward neutrons. Each dimuon event
is fully determined by mμμ, yμμ, | cos ϑμμ| , and pT,μμ.
B. Simulated samples: Single muons and STARlight
A large sample of single muons, distributed uniformly in
the ranges |ημ| < 3, −π < φμ < π , and 2 < pT,μ < 50 GeV,
is utilized to evaluate the muon reconstruction efficiencies
εR(qημ, pT,μ) as a function of qημ (the product of the muon
charge and pseudorapidity) and pT,μ. To perform detailed
comparisons of data with simulated exclusive dimuon events,
a sample of STARlight 1.1 events is passed through a detector
simulation [52] based on GEANT 4 [53] and is reconstructed
with the standard ATLAS reconstruction software.
C. QED showering with STARlight+PYTHIA8
STARlight does not implement final-state radiation (FSR),
which is observed in the acoplanarity distributions in data as
a notable tail that is absent in the STARlight simulations.
STARlight only provides initial-state transverse momentum
from the nuclear form factors. Higher-order contributions
have been calculated in Ref. [46] in a Sudakov formalism and
are found to qualitatively compare well with the preliminary
version of this analysis. To include this effect, STARlight
dimuon events were provided as input into PYTHIA8 (version
8.226 [54,55]) for QED showering, with the hard scale set
to one muon’s pT (the standard choice in PYTHIA8 for a
t-channel process). By construction, the showering process
conserves the overall cross section, but the FSR can lead to a
fraction of the events migrating in and out (but primarily out)
of the selected fiducial region used here. The sensitivity of the
showering to the assumptions used in PYTHIA8 was tested by
varying the available phase space for the radiation, relative to
the selected hard scale, and no change in the final distributions
was observed for the kinematic regions explored in this paper.
D. LPAIR
The LPAIR 4.0 generator [56] is used to calculate the
dissociative process pp → γ γ → μ+μ−, a well-known
background in proton-proton collisions [25]. LPAIR mod-
els single-dissociative proton-proton collisions using an EPA
spectrum for the nondissociated nucleon, and the Suri-Yennie
form factor [57] for the dissociated nucleon. This leads to the
production of dimuons, many of which are emitted into the
central region, as well as forward hadron production, although
the hadrons are typically not emitted into the region covered
by the ATLAS ID. Since the only observable from LPAIR
used in this analysis is the acoplanarity, and this is determined
primarily by the much larger initial-state pT associated with
the dissociated proton, no attempt is made to reweight the
initial photon spectra. However, comparisons of LPAIR with
STARlight+PYTHIA8 are made only after identical selections
in mμμ and yμμ.
VI. EVENT CHARACTERIZATION
A. Event selection
The signal process PbPb(γ γ ) → μ+μ−(Pb()Pb() ) that
can be treated using the EPA is only straightforward to cal-
culate when the two nuclei do not interact hadronically. In
this case, there is no potential background from hadronic
processes and the full nuclear charge contributes to the two-
photon flux. To suppress hadronic processes, the ATLAS ID is
used to require no activity beyond that associated with the two
oppositely charged muons. Of the triggered events passing all
quality selections, events are selected with two “tight” muons
[40]. Only a single event has a third tight muon, so this event
is discarded as potential background. One of the two muons is
required to match the L1 trigger muon that caused the event to
be recorded. Next the single muon and muon pair kinematics
are required to satisfy the fiducial selection criteria:
(i) The two muons must have opposite charges.
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FIG. 2. Distribution of ZDC energies in events selected in the fiducial region, normalized by the beam energy per-nucleon of 2.51 TeV, for
each ZDC direction. The left panel shows the distributions for each of the two ZDC directions superimposed, while the right panel shows their
correlation.
(ii) Each muon must have pT,μ > 4 GeV, |ημ| < 2.4, and
a transverse impact parameter relative to the beamspot
of less than 1.5 mm.
(iii) The muon pair must have invariant mass mμμ > 10
GeV, and a transverse momentum of the dimuon sys-
tem pT,μμ < 2 GeV.
The fiducial criteria remove about two-thirds of the trig-
gered events containing two good muons. Of the remaining
events, none are observed to have more than one reconstructed
vertex, so no vertex requirement (for either a single vertex
or multiple vertices) is imposed. Finally, events are rejected
if there are any other well-reconstructed tracks in the ac-
ceptance with pT > 100 MeV; this removes only 2% of the
events. As a cross-check, a more restrictive condition was
also considered—to reject events with any additional track of
any track quality—but this was found to only reject 3% of
the selected events. For the selected events, the distributions
of track transverse impact parameter are consistent with sim-
ulated STARlight events, implying that there is no residual
contribution from heavy-flavor production.
In fully simulated STARlight events, the requirement of
having a reconstructed vertex leads to a selection inefficiency
of approximately 5% while providing no additional back-
ground rejection. This was demonstrated by noting that after
the vertex requirement, the fraction of events with an addi-
tional good track (2%) is found to be the same as for the
event selection without it. Thus, the vertex requirement is
considered only as a cross-check and is not part of the primary
event selection.
After all fiducial selections, 12132 candidate events pass-
ing fiducial selections are utilized in the analysis.
B. ZDC event class definition
Each selected exclusive dimuon event can be classified
according to its forward neutron topology, utilizing the two
ZDCs. The ZDC energies are reconstructed by extracting the
signal amplitude for each of the four modules in each direction
and then applying a time-dependent weight to each module.
These weights are determined so as to minimize the width of
the energy distribution in the single-neutron region. The en-
ergy resolution is sufficient to clearly separate the one-neutron
peak from the distribution at lower energies, which is mainly
a combination of electronic noise and forward photons. The
presence of ZDC activity on either side is defined as an energy
greater than 40% of the single-neutron peak position. This
is indicated in the individual energy distributions in the left
panel of Fig. 2. The correlation of energies in the right panel
of Fig. 2 illustrates the three primary topologies available
for these events: (1) the most probable configuration is no
activity in either ZDC (“0n0n”), (2) the next mostly likely
configuration is observing one or more forward neutrons in
one ZDC, and none in the other (“Xn0n”), and (3) finally,
the rarest configuration is observing one or more forward
neutrons in both ZDC arms (“XnXn”).
Due to EM pileup in the LHC (as discussed above in
Sec. III B) the neutrons detected in one or both arms of the
ZDC are not necessarily associated with the observed dimuon
pair. However, the rate of additional neutrons can be predicted
when the single and mutual dissociation probabilities are
known. Corrections associated with this are calculated below
in Sec. VII F.
VII. DATA ANALYSIS
A. Cross-section definitions
After the exclusive dimuon event selection, cross sections
are derived by scaling the dimuon yields by the Pb+Pb
collision luminosity (Lint). This is done after correcting the
observed number of events (Nμμ) for (1) muon pair trigger
and reconstruction efficiencies (εT and εR, respectively), (2)
bin migration at the edge of the pT,μ > 4 GeV fiducial region
(Cmig), and (3) backgrounds from dissociative processes ( fdis).
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FIG. 3. Distributions of single muons, corrected for trigger efficiency, with positive [panels (a) and (c)] and negative [panels (b) and (d)]
charge, as a function of η(±) and φ (±), the pseudorapidity and azimuthal coordinate for positive and negative muons, each normalized by the
integral. Data are compared with fully simulated STARlight events. Error bars are the statistical uncertainties of the data points.









where Xμμ is one of the dimuon kinematic variables, described
in Sec. I. These include mμμ, yμμ, | cos ϑμμ| and the initial
energies of the photons, inferred by combining mμμ and yμμ.
The efficiencies and background corrections are applied as
event-level weights, while Cmig is applied to the final spectra.
The trigger efficiency, first discussed in Sec. III A is derived
using Pb + Pb data, using both minimum-bias hadronic events
with reconstructed muons and UPC dimuon events. The muon
reconstruction efficiency is based on simulation, but corrected
by an η-dependent scale factor (SF) based on data.
B. Trigger efficiencies
The single-muon L1 trigger efficiencies used for final cor-
rections are derived using the minimum-bias data as a function
of the product of the muon charge and pseudorapidity, qημ,
and the muon transverse momentum pT,μ. The trigger effi-
ciency does not depend on the overall event activity, which
was checked by comparing different centrality intervals in the
data. The efficiency values were also cross-checked by an
independent tag-and-probe method using the selected exclu-
sive dimuon events. In these events, only one of the muons is
required to be associated with a L1 muon object. Thus, one
can use each muon associated with a trigger as a tag, and
then measure the probability of the other muon being emitted
into an angular region, opposite in azimuth, that also has a
L1 trigger muon. This gives an independent estimate of the
trigger efficiency, which is found to compare well with the
minimum-bias data. For application to the data, the single-
trigger efficiencies are smoothed using a Fermi function.
The total event-level trigger efficiency is the probability
that at least one of the muons led to the recording of the event:
εTμμ = 1 − [1 − εT(η+)][1 − εT(−η−)],
where ε+T and ε
−
T are the single-trigger efficiencies for pos-
itive and negative muons, respectively. The typical trigger
efficiency is 93% at smaller mμμ (less than 20 GeV) and |yμμ|
(less than 1), and increases to 97% at larger values of mμμ
(greater than 40 GeV) and |yμμ| (greater than 1.5).
To assess the overall level of agreement between data and
simulation after trigger efficiency corrections, the normalized
pseudorapidity and azimuthal distributions of single muons in
data and simulation are compared separately for both positive
and negative charges, for all events in the fiducial acceptance.
While the data are corrected for the trigger efficiency, neither
data nor simulation are corrected for the reconstruction effi-
ciency. This is to provide a low-level comparison of data and
MC simulation, as it should also be noted that the data are
not yet corrected for dissociative backgrounds. Figure 3 shows
that the distributions in ημ and φμ are in good agreement for
both charges, with the overall shape and some smaller-scale
features of the data also seen in the simulations.
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C. Reconstruction efficiencies and scale factors
The muon reconstruction efficiency is defined as the prob-
ability for a generated muon to be fully reconstructed and
characterized as a “tight” muon [40]. It is determined as a
function of the muon pseudorapidity times its charge (qημ)
using single-muon MC samples as described in Sec. V B,
with a per-muon scale factor determined using UPC events
in a tag-and-probe approach. In events with fewer than three
tracks, a “tag” muon is selected using the single-muon trigger,
and is required to satisfy tight selection criteria. Two types
of “probes” can then be selected: track probes (reconstructed
ID tracks with a transverse impact parameter |d0| < 1.5 mm
and passing selections identical to those for muons) and
extrapolated MS track probes. Both are required to have a
reconstructed charge opposite to the tag, an acoplanarity of
less than 0.02, and a pair pT < 2 GeV. For each ID track
probe, one searches for a muon passing tight selections, which
defines ε(μ|ID). For each extrapolated MS track probe, one
searches for the closest track passing the same spectrometer
and impact parameter selections, and ε(ID|MS) is the match-
ing probability. In each case, the two objects are considered
matched if they are separated by a relative η − φ distance of
R < 0.1. The full reconstruction efficiency is the product
ε(μ|ID)ε(ID|MS), and this can be compared directly between
data and STARlight simulations. The ratio of the full recon-
struction efficiency in data to that in simulation is defined as
the SF, which is a multiplicative correction to the simulated
efficiency to account for differences between data and MC
simulation that depend on emission angle. The SF is measured
as a function of the muon pseudorapidity, and for each range
in ημ is found to be constant with pT,μ. Thus, only one SF
is extracted for each ημ range. It is found to be within −1%
of unity for |ημ| > 1.5 and to decrease systematically toward
|ημ| = 0, with a maximum deviation of around −4% near
ημ = 0.
Since the muons are well separated in emission angle, the
pair efficiency is the product of the two individual efficiencies:
εRμμ = εR(p+T , η+)SF(η+)εR(p−T ,−η−)SF(η−),
where each individual muon efficiency is multiplied by the ap-
propriate SF. Due to the turn-on of the efficiency at pT,μ = 4
GeV, the impact of correcting for the reconstruction efficiency
is about 40–50% for mμμ < 20 GeV and |yμμ| < 0.8, decreas-
ing to 15% at larger values.
The combined weight, including both the trigger and re-
construction efficiency corrections, is applied as a per-event
weight w = 1/(εTμμεRμμ).
D. Outflow from fiducial region
Migration between bins in the dimuon variables was
checked and found to be negligible, due to the high preci-
sion of the ATLAS MS. Despite the excellent reconstruction
performance of the MS, the fact that the fiducial acceptance
region requires a two-dimensional cut in the joint transverse
momentum distribution of both μ+ and μ− leads to some
net loss owing to momentum resolution. For events within
the fiducial volume, but just at the boundary with both muon
pT,μ > 4 GeV, if either muon’s transverse momentum fluc-
tuates even slightly below 4 GeV, due to finite momentum
resolution, then the event is rejected, while both muon trans-
verse momenta would have to fluctuate upward to remain in
the fiducial volume. This effect is exacerbated by the strong pT
correlations induced by the UPC initial state, with nearly van-
ishing total transverse momentum. This can be seen clearly by
reconstructing simulated STARlight events, and applying the
reconstruction efficiency weights event by event. While most
of the spectrum in pair rapidity and pair mass is reconstructed
correctly, within 1%, a systematic depletion is observed when
one or both of the muon pT,μ values approach 4 GeV. This
depletion, quantified as a function of the different kinematic
variables, is derived using the STARlight simulation, and is
found to lead to corrections of 2–3%, but only for |yμμ| < 1.6
and mμμ < 20 GeV. The edges of the acceptance in | cos ϑμμ|
vs mμμ are affected somewhat more, with typical corrections
of about 10%.
Since these corrections are calculated as a function of the
dimuon kinematic variables, they are applied to the multi-
dimensional yields (e.g., mμμ vs yμμ or | cos ϑμμ| vs. mμμ)
before the final results are calculated.
E. Dissociative background corrections
After all corrections are applied, there remains an ir-
reducible background from the presence of dissociative
events. This process is expected to contribute at large val-
ues of acoplanarity (α > 0.01). However, one cannot simply
select only events with small acoplanarity, since the large-
acoplanarity region also has a non-negligible contribution
from QED radiative effects. For each dimuon kinematic selec-
tion, a binned maximum-likelihood fitting procedure applied
to the dimuon acoplanarity distribution is used to estimate the
fraction of dissociative events. Due to the limited size of the
data sample, it was split into coarse intervals in mμμ (three
intervals with boundaries at 10, 20, 40, and 80 GeV) and
absolute pair rapidity (three intervals with boundaries at 0, 0.8,
1.6, and 2.4).
The fit model utilizes two templates, where the signal
distribution is calculated using STARlight+PYTHIA8, and
the background is from LPAIR. The PDF of the acopla-
narity distribution, in a particular selection of mμμ and yμμ,
P(α, mμμ, yμμ), is a sum of the signal and LPAIR contribu-
tions, parameterized by the fraction fdis:
P(α, mμμ, yμμ) = (1 − fdis )PEPA(α, mμμ, yμμ)
+ fdisPdis(α, mμμ, yμμ).
For the nominal determination of the correction factors,
no weights are applied to the events during the fitting, since
the corrections do not vary strongly within each individual
dimuon kinematic interval and they are independent of α. The
fits are applied to distributions both for a specific forward neu-
tron topology (0n0n, Xn0n, and XnXn) and for ZDC-inclusive
data. Figure 4 shows the outputs of the fits for the selec-
tion with the largest number of events: 10 < mμμ < 20 GeV
and |yμμ| < 0.8. Two notable features are observed. First,
the 0n0n selection is very well described by the STARlight
+PYTHIA8 distribution, with no significant contribution from
LPAIR 4.0 needed. This suggests that events with no ZDC
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FIG. 4. Combined fits to the three ZDC selections [(a) 0n0n, (b) Xn0n, (c) XnXn], as well as (d) ZDC-inclusive data for |yμμ| < 0.8
and 10 < mμμ < 20 GeV, as well as all other fiducial acceptance cuts. The signal distribution is obtained using STARlight +PYTHIA8, while
the background prediction is obtained using LPAIR in the same kinematic selections. No efficiency corrections are applied. The fraction of
dissociative events is given as fdis. The error bars on the data points are the statistical uncertainties.
activity (0n0n) have no dissociation, and the tails in the
acoplanarity distributions derive only from higher-order QED
contributions. By contrast, the Xn0n and XnXn selections
have a much less steep falloff at larger acoplanarity values.
Inclusion of the LPAIR contribution gives a good description in
the region beyond α > 0.02. The overall contributions to the
Xn0n and XnXn integrals from the dissociative contribution
are 7% and 12%, respectively. Finally, the distribution inclu-
sive in forward neutron topology has an overall contribution
of about 3% for this kinematic selection. Intervals with much
higher pair mass or pair rapidity have fewer events that can be
utilized in the fit, giving larger statistical uncertainties to the
extracted fdis. These uncertainties are propagated into the final
results as systematic uncertainties.
The dissociative contributions come primarily from the
process γ γ →μ+μ− where one photon comes from a lead
ion (and thus has pT ≈ 25 MeV), while the other is emitted
by the charged constituents of an individual nucleon with a
GeV-scale transverse momentum. Of the two, the nucleon has
the smaller radius, so its photon spectrum is much harder, and
thus a strong asymmetry is expected in the dimuon rapidity
distribution, with more pairs emitted in the nucleon-going
direction. One can test this expectation after assigning the pair
rapidity a sign based on the direction of the ZDC signal in
Xn0n events, as one expects to observe nuclear dissociation
in the direction of the dissociated nucleon. The fractions of
dissociative events are shown as a function of signed yμμ
in Fig. 5. It is observed that the extracted dissociative con-
tribution increases with pair rapidity in the direction of the
dissociated nucleus, consistent with being induced by a disso-
ciated nucleon.
F. Forward neutron topology fractions
In Sec. IV, it is shown that the ZDC selection modifies the
impact parameter profile P(b) found in the integral for the
two-photon luminosity. Due to the increasing photon flux at
smaller radial distances from the nuclear center (bi), events
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FIG. 5. Dissociative background fractions in Xn0n events as a
function of signed rapidity, where positive yμμ is in the direction of
the ZDC signal. Two invariant mass ranges are shown, and the 10 <
mμμ < 20 GeV range is shifted slightly in the horizontal direction
for clarity. Error bars are statistical uncertainties.
with a ZDC signal (either Xn0n or XnXn) typically have
smaller impact parameters than for 0n0n. The smaller impact
parameters lead to interactions involving higher photon ener-
gies from one or both nuclei. This tends to harden the observed
diphoton (and thus dimuon) invariant mass spectrum for a
fixed interval in pair rapidity. Conversely, for a fixed interval
in dimuon mass, the rapidity distribution gets narrower. To
measure this in each dimuon kinematic selection, the fractions
of events with Xn0n and XnXn ( fXn0n and fXnXn, respectively)
are estimated with a single fit over all three ZDC topologies
that includes the contribution from dissociative background,
as discussed previously. Once the measured ZDC fractions are
determined, they must be corrected for EM pileup processes
and, in principle, for any ZDC inefficiency. However, while
the ZDC is only 4.6 interaction lengths deep, which implies an
approximately 2% inefficiency for single neutrons, more than
half of the EMD events on a single side produce more than
one neutron. This leads to an estimate of an overall efficiency
of over 99%. Accounting for this subpercent inefficiency is
addressed in the systematic uncertainties.
The combined fit model is formulated as a set of three
equations for each kinematic region, with a total number of
events in each ZDC category (NZ , where Z is an index corre-
sponding to 0n0n, Xn0n, or XnXn) given by
NZ (α, yμμ, mμμ) = f ′Z(yμμ, mμμ)NEPA(yμμ, mμμ)
× PEPA(α, yμμ, mμμ)
+ NdisZ (yμμ, mμμ)Pdis(α, yμμ, mμμ)
with parameters NEPA, the overall yield of dimuons from the
signal distributions, f ′Z the measured fraction of events for
each ZDC class (i.e., Z = 0n0n, Xn0n, and XnXn), and NdisZ
the background contribution for each ZDC selection. The frac-
tions are subject to the constraint f ′0n0n + f ′Xn0n + f ′XnXn = 1
since all events have to fall into one of the categories. The si-
multaneous fit incorporates the statistical correlations between
the samples. The choice of using the same template PDFs PEPA
and Pdis for all three ZDC selections is motivated by direct
comparisons of the acoplanarity distributions, and validated
by the good quality of the fits.
EM pileup processes (as discussed in Sec. III B) generate
neutrons that are detected in one or both arms of the ZDC
but are not associated with the scattering process that gen-
erated the dimuon pair. This leads to an outflow from 0n0n
and Xn0n events to both the Xn0n and XnXn events. The
two fundamental parameters are pS and pM, the probabilities
for exclusive single (for each arm) and mutual (two arm)
dissociation per bunch crossing. The probability of pileup
preserving a 0n0n configuration is (1 − pS)(1 − pS)(1 − pM),
i.e., the joint probability of having no single pileup in each
arm, as well as no mutual process occurring. Conversely, the
probability of pileup turning 0n0n into XnXn is pM + p2S, i.e.,
the sum of probabilities of mutual breakup or two independent
single breakup processes, one in each arm. The probability
turning 0n0n into Xn0n is just the complement of the other
two quantities. Similarly, the probability of preserving Xn0n
is (1 − pS)(1 − pM), since one arm has already seen activity,
and its complement is the probability for converting Xn0n to
XnXn. Finally, XnXn is unaffected by the presence of any
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2pS(1 − pS − pM + pM pS/2) (1 − pS)(1 − pM) 0










Here the fractions f ′ are the measured ones extracted from
the combined fits, and the fractions f are the corrected values
reported in the results. The terms which go as p2S reflect
the possibility that a pileup event can be composed of two
separate pileup interactions in addition to the primary physics
event. While not identical, as assumed by STARlight, p2S is
of similar order to the pM estimated using measured cross
sections, as discussed in Sec. III B. This matrix is inverted to
transform the measured ZDC fractions into the corrected ones.
The statistical uncertainty of the corrected values includes the
full fit covariance information.
G. Unfolding of the acoplanarity distribution
In order to facilitate comparisons of QED calculations with
the experimental acoplanarity (α) distribution, a bin-by-bin
unfolding procedure is applied to the measured values. To
maximize the statistical precision, the entire fiducial region
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FIG. 6. (a)–(c) Differential cross sections shown as a function of |yμμ| in bins of mμμ, (a) 10 < mμμ < 20 GeV, (b) 20 < mμμ < 40 GeV,
and (c) 40 < mμμ < 80 GeV compared with cross sections from STARlight and (d)–(f) the ratio of data to STARlight. Statistical uncertainties
are shown as error bars while total systematic uncertainties are shown as gray bands.
with mμμ > 10 GeV is included. The response used in the
unfolding is derived from a large sample of events produced
with STARlight +PYTHIA8, with each muon’s azimuthal angle
smeared in accord with parametrizations of the full GEANT
4 simulations. The unfolding corrections range from an up-
ward correction of about 3% for α < 0.0005 to a downward
correction of a bit less than 4% around α = 0.005. Around
α = 0.01, the corrections converge rapidly to zero, as the un-
derlying spectrum becomes flatter. The net effect is to slightly
narrow the measured peak near α = 0, which is smeared
slightly by detector effects. The corrections were also com-
pared with those for a sample in which the simulated α
spectrum is reweighted to agree with data, a procedure which
is limited by the size of the data sample, and, while they
are generally similar to each other, they disagree in some α
intervals by up to 2%, which sets the overall scale for the
systematic uncertainty. The corrections were checked against
a fully simulated sample of STARlight events and the correc-
tions agree to better than 0.4% for α < 0.01. To eliminate the
contribution from dissociative events, only the 0n0n selection
is used, and the results are normalized to the pileup-corrected
0n0n cross section. This is done by scaling the measured
total cross section (reported in the next section) by the 0n0n
fraction f0n0n = (72.1 ± 0.6)% after correcting the measured
fraction of 64% for the time-averaged EM pileup.
VIII. SYSTEMATIC UNCERTAINTIES
A. Trigger efficiency
The trigger selection is based on four contributions: the
L1 muon trigger, the rejection of events with total transverse
energy greater than 50 GeV, the MBTS veto in the HLT, and
the track selection in the HLT. The muon trigger efficiency has
been measured directly in peripheral minimum-bias data and
is parametrized by a Fermi function. The assigned systematic
error is the statistical uncertainty of the fits, propagated using
200 replicas, and is about 0.2%. The tag-and-probe results
are consistent with the minimum-bias results, so either could
be used in principle, but the minimum-bias data have better
statistical precision and are thus preferred. The transverse en-
ergy veto has a negligible inefficiency, as there are no selected
dimuon events with a L1 transverse energy above 15 GeV,
far from the veto threshold. The HLT track selection is deter-
mined to have 100% efficiency, with an uncertainty of 0.4%,
using a support trigger based on the MS accompanied by a
total transverse energy requirement of ET < 50 GeV. Finally,
the false-positive rate for the MBTS veto was checked using
empty events, where neither LHC ring had filled bunches
colliding in a particular bunch crossing. In these events, the
rate of false positives is at the 10−5 level, indicating that this
contribution is negligible.
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FIG. 7. (a)–(c) Differential cross sections shown as a function of mμμ in bins of |yμμ|, (a) |yμμ| < 0.8, (b) 0.8 < |yμμ| < 1.6, and (c)
1.6 < |yμμ| < 2.4 compared with cross sections from STARlight and (d)–(f) the ratio of data to STARlight. Statistical uncertainties are shown
as error bars while total systematic uncertainties are shown as gray bands.
B. Reconstruction scale factors
The uncertainty in the reconstruction SFs has two contribu-
tions. The statistical uncertainties of the SF are propagated by
constructing 200 replicas, with the SF in each interval varied
according to its statistical uncertainty, and the variance in the
yields determines the uncertainty. The sensitivity to the de-
tails of the procedure was checked by changing the selection
criteria for the events used in the SF calculation, as well as
the matching between the ID and MS. Given that the dimuon
selection is quite pure, these changes have only a small im-
pact, and a constant 1% systematic uncertainty is assigned to
cover this. This uncertainty also includes a small deviation
of the reconstruction efficiency determined in the simulation
using tag-and-probe from the one extracted directly from the
simulated muons for 2.0 < |ημ| < 2.4.
C. Muon momentum scale and resolution
The muon momentum scale and momentum resolution are
studied using a set of weights that vary the transverse mo-
mentum of simulated muons to determine a set of modified
corrections that encapsulate the known uncertainties in muon
performance in pp collisions [40]. The extracted corrections
have a negligible impact on this analysis, and so are neglected.
The impact of possible bias on the momentum measurement
due to relative detector misalignment between data and MC
simulation is studied by comparing the transverse momentum
of each muon as measured in the ID with that measured in the
MS. The differences observed in data and MC simulation are
found to agree to better than 1% and no specific uncertainty is
assigned to this contribution.
D. Fiducial acceptance definition
The correction factors determined using the fully recon-
structed STARlight events account for the net outflow of one
or both reconstructed muons from the pT,μ > 4 GeV fiducial
acceptance. This correction is up to 3% for mμμ < 20 GeV
and decreases with increasing pair mass and pair rapidity.
This is sensitive to the photon spectral shape. Thus, the un-
certainty in this correction was estimated by reweighting the
MC spectrum to resemble the data, as a function of k1 and k2,
the energies of the incoming photons. The difference between
these two sets of corrections is at the 0.1% level, and no
systematic uncertainty is assigned.
E. Dissociative background
The background from dissociative processes is estimated
directly from data. The uncertainties in this derive both from
the fit statistical uncertainties, and from the sensitivity to vari-
ations of the fitting procedure. As a cross-check, the fits are
also performed using an unbinned fitting procedure, instead
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FIG. 8. (a)–(c) Differential cross sections shown as a function of | cos ϑμμ| in bins of mμμ, (a) 10 < mμμ < 20 GeV, (b) 20 < mμμ <
40 GeV, and (c) 40 < mμμ < 80 GeV, after integrating over the full range in |yμμ|, compared with cross sections from STARlight and (d)–(f)
the ratio of data to STARlight. Statistical uncertainties are shown as error bars while total systematic uncertainties are shown as gray bands.
of the binned procedure used by default, and no significant
differences are found. In addition, several other variations are
performed:
(1) Signal α templates are allowed to be rescaled, in the
fitting procedure, to better agree with the distributions
near α = 0.
(2) The measured distribution for the 0n0n selection is
used as the signal distribution for Xn0n and XnXn se-
lections. This is justified by the observed dissociative
fraction being consistent with zero, e.g., as shown in
Fig. 4.
(3) Applying reconstruction and trigger efficiency correc-
tions before the fit.
The impact of these changes is quite small, since the dis-
sociative tail has a distinct shape, especially when requiring
forward neutrons in either ZDC arm. The differences turn out
to be about 1% (absolute), constant in mμμ and yμμ. A 1%
uncertainty is applied to the yields to cover this.
The statistical contributions to the background correction
are propagated by keeping track of the sum of background cor-
rection weights, i.e.,
∑
[(1 − fdis)]2 =
∑
( fdis)2, for each





The uncertainty in the integrated luminosity for the 2015
Pb+Pb run at √sNN = 5.02 TeV is 1.5%. It is derived from
the calibration of the luminosity scale using x − y beam-
separation scans, following a methodology similar to that
detailed in Ref. [42], and using the LUCID-2 detector for the
baseline luminosity measurements [58].
G. ZDC neutron topology fractions
The analysis of forward neutron topology fractions in-
volves ratios of selected distributions, classifying them by the
presence or absence of a signal in one or both ZDCs. As nei-
ther the event trigger nor the muon reconstruction is affected
by the ZDC event class (0n0n, Xn0n, or XnXn), all of these
uncertainties cancel out. The systematic uncertainties related
to the fitting procedure itself are the same as in the previous
subsection, and are at most 1% on an absolute scale. The
impact of EM pileup on the extracted ZDC fractions depends
on our knowledge of the measured EMD cross sections, which
have not been measured for
√
sNN = 5.02 TeV, but only for√
sNN = 2.76 TeV. Thus, the cross sections used to extrap-
olate to the higher energy are varied by their experimental
uncertainties. The uncertainties associated with this have a
magnitude of about 1%, on an absolute scale.
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FIG. 9. (a)–(c) Differential cross sections shown as a function of | cos ϑμμ| in bins of mμμ, (a) 10 < mμμ < 20 GeV, (b) 20 < mμμ <
40 GeV, and (c) 40 < mμμ < 80 GeV, after requiring |yμμ| < 0.8 to exclude the regions where the rapidity distributions disagree, compared
with cross sections from STARlight and (d)–(f) the ratio of data to STARlight. Statistical uncertainties are shown as error bars while total
systematic uncertainties are shown as gray bands, which are typically smaller than the data points.
H. Unfolded acoplanarity distributions
The primary systematic uncertainties applicable to the un-
folded differential cross sections are those that apply to all
cross sections, but now integrated over the full fiducial region
mμμ > 10 GeV. Besides the luminosity uncertainty (1.5%),
the 0n0n cross section has an uncertainty of 0.8%, domi-
nated by the extrapolation of the EM pileup expectations to
5.02 TeV. Finally, there is an overall 2% uncertainty, constant
in α, which contains the variations testing the sensitivity to
the input spectrum (nominal compared with reweighted) as
well as the resolution model (full simulation compared with
fast simulation). Combining these uncertainties in quadra-
ture, the total systematic uncertainty is estimated to be 2.6%,
which is applied uniformly to the unfolded acoplanarity
distribution.
IX. RESULTS
This section presents comparisons of data with STARlight
2.0, which implements all of the primary physics mechanisms,
except dissociative processes and QED FSR. All of the sys-
tematic uncertainties presented in Sec. VIII are combined in
quadrature, and are typically about 2.2%. The dissociative
processes are explicitly corrected for by the fitting procedure
described in Sec. VII E, but the FSR is necessarily included
in the signal yields. It should be noted that only 1.5% of the
data are removed by the pT,μμ < 2 GeV selection, which was
chosen to limit the dissociative contributions. The same pT
selection only removes a small fraction of STARlight events
even including FSR effects. However, the FSR separately has
the effect of reducing the STARlight cross sections by about
4%, due to the reduction in pT of one or both muons from
the extra radiation. This effect is not included in the nominal
STARlight comparisons, except in comparisons of data with
the full α distribution.
After integrating over the full fiducial phase space (pT,μ >
4 GeV, |ημ| < 2.4, mμμ > 10 GeV, pT,μμ < 2 GeV), the
measured total cross section is σμμfid = 34.1±0.3(stat.)±
0.7(syst.) μb. This should be compared with 32.1 μb for
STARlight and 30.8 μb for STARlight+PYTHIA8.
Figure 6 shows the absolute dimuon rapidity distributions
for three mass intervals (10 < mμμ < 20 GeV, 20 < mμμ <
40 GeV, 40 < mμμ < 80 GeV). It is observed that while
the measured cross sections are consistent with predictions
near |yμμ| = 0, there is an excess in the data which increases
monotonically with increasing |yμμ|. There are too few events
in the higher mμμ bins to allow any strong statements to be
made about whether the increase remains the same as in the
lowest mass bin.
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The mass distributions are presented in three pair rapidity
bins (|yμμ| < 0.8, 0.8 < |yμμ| < 1.6, and 1.6 < |yμμ| < 2.4)
in Fig. 7. It is observed that the overall shape of the spectra
is well described out to the highest masses in the available
event sample (which limits the mass range for higher values of
|yμμ|). The invariant mass interval extending from 100 to 200
GeV contains only four events, including the highest-mass
candidate with mμμ = 173 GeV.
While the pair mass and rapidity distributions are clearly
important for characterizing the interaction between the two
photons, the scattering angle in the initial center-of-mass
system is particularly important for assessing the compati-
bility of the data with QED. Without the fiducial selection,
these distributions would have a steep rise at large | cos ϑμμ| .
However, the restriction on muon pseudorapidity (|ημ| < 2.4)
strongly cuts into the acceptance for | cos ϑμμ| near unity, i.e.,
at small scattering angles. Since the differential cross section
calculated in leading-order QED is only a function of mμμ
[45], the disagreement already observed as an enhancement of
the cross section at forward |yμμ| makes comparisons of data
and STARlight nontrivial. If one compares the differential
cross sections dσ/d| cos ϑμμ| for the same mμμ selections
as in Fig. 6, one arrives at the distributions shown in Fig. 8.
STARlight calculations show that events with smaller values
of | cos ϑμμ| also span a large range in |yμμ|, while these
large values of | cos ϑμμ| are only accessible in a more limited
range, close to |yμμ| = 0. The cross sections are recalcu-
lated for |yμμ| < 0.8, the region where data and STARlight
agree well. With this selection, there is a better description
of the | cos ϑμμ| distributions in the lowest mass range, as is
observed in Fig. 9. The systematic enhancement at smaller
| cos ϑμμ| can thus be attributed to the residual disagreement
in the pair rapidity distributions.
Since the observed final state consists of just the final-state
muons, and two-photon invariant mass and rapidity are con-
served in the final-state dimuon system, the muon kinematics
can be used to estimate the initial photon energies, k1 and
k2 (as discussed in Sec. IV): k1,2 = (1/2)mμμ exp(±yμμ). No
corrections are applied for the presence of a soft final-state
photon, but the impact on the extracted mass and rapidity is
generally found to be quite small.
Since the two photons are emitted independently, each
event can be characterized by the maximum and minimum
photon energies kmax and kmin, where kmax is the larger of the
two photon energies. The corrected differential cross sections
in kmax and kmin are presented in Fig. 10, for both data and
STARlight in the top panel, and their ratio is provided in the
bottom panel.
It is observed that the ratio is near unity for photon en-
ergies (both minimum and maximum) around 10–20 GeV,
but is significantly higher at both lower and higher energies.
The disagreement for 75 < kmax < 100 GeV is approximately
40%, while an enhancement of about 15% is observed for
kmin < 2 GeV. In the region between 5 and 20 GeV, the
distributions for kmax and kmin are also observed to overlap,
within uncertainties, suggesting that the distributions factorize
(as represented in Eq. (1), i.e., it does not matter whether a 10
GeV photon has the larger or smaller energy). They also have
the smallest difference relative to STARlight, with an excess
FIG. 10. (a) Differential cross sections presented as a function
of the maximum photon energy (kmax) and minimum photon energy
(kmin), compared with cross sections from STARlight. Statistical
uncertainties are shown as error bars while total systematic uncer-
tainties are shown as gray bands. (b) Ratio of experimental cross
sections to STARlight calculations.
of only around 5%. Combined, these suggest that a system-
atic modification of the initial energy spectrum is necessary
to explain the differences between the data and STARlight
calculations.
One possible avenue to explore is whether the integra-
tion limits in Eq. (1) could be relaxed without violating any
important physics constraints. In particular, the authors of
Ref. [12] note in their derivation that this restriction against
production inside the two nuclei is to avoid the produced
particles scattering off the nuclei. Dileptons have a very small
probability of interacting with the nuclei, and this is even
less likely within the nuclear skin. Thus, this condition could
be weakened somewhat, so long as 1 − PH (as defined in
Sec. IV) is not too small. If the integration limits are de-
creased slightly, by one nuclear skin depth, it is observed
that, relative to STARlight, the distribution of kmin is enhanced
below 2 GeV, and the distribution of kmax is enhanced above
20 GeV.
All of the results shown so far are inclusive of the different
ZDC topologies, which indicate either no activity (0n0n),
activity in either the forward or backward side (Xn0n), or
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FIG. 11. Fractions of events with Xn0n and XnXn, as a function of |yμμ| (a)–(c), or mμμ (d)–(f). Data are shown as raw (open circles) and
corrected for EM pileup (closed circles). Theory predictions from STARlight are shown as histograms. Systematic uncertainties are shown for
the corrected data, as grey bands, and error bars are statistical uncertainties.
activity on both sides (XnXn). Events with smaller impact
parameters, where the nuclei are closer together, are more
likely to be accompanied by neutron dissociation in one or
both arms and to have photons with higher energies. The
procedure to extract the ZDC event class fractions is discussed
in detail in Sec. VII F, and is based on a simultaneous fit to the
acoplanarity distributions for all three ZDC selections, assum-
ing that all events arise from partitioning the original selection
of signal events, along with backgrounds from dissociative
processes that can be different for each forward neutron topol-
ogy (Xn0n and XnXn). The EM-pileup-corrected results are
shown in Fig. 11, which displays fXn0n and fXnXn, the frac-
tion of events with Xn0n and XnXn, as functions of mμμ
and |yμμ|. It should be noted that the two sets of results are
different representations of the same data, but it is useful to
see them plotted separately vs mμμ and |yμμ|. The uncorrected
data are also shown, to indicate the size of the EM pileup
corrections. The data compared with STARlight suggest over-
all agreement, but STARlight generally tends to predict too
large a fraction of events with forward neutrons, which
is consistent with previously reported ALICE data at 2.76
TeV [59].
The unfolded differential cross sections dσ/dα for the
0n0n topology are shown in Fig. 12. The measured cross
sections are compared with predictions of both generator-
level STARlight and generator-level STARlight +PYTHIA8,
both for an inclusive ZDC selection, but scaled by the same
0n0n fraction as observed in data. The STARlight α distri-
butions have no dependence on impact parameter, and thus
no dependence on the ZDC selection. It is observed that
the shape of the spectrum at large α > 0.01, which reflects
only the QED showering after applying the 0n0n condition,
agrees well with STARlight +PYTHIA8. However, a differ-
ence in shape is observed for smaller values α < 0.01. This
could be explained by a small change in the pT spectrum
assumed by STARlight, which controls the width of the α
distribution.
X. CONCLUSION
The ATLAS experiment at the LHC has performed a mea-
surement of cross sections for exclusive dimuon production in
the process PbPb(γ γ ) → μ+μ−(Pb()Pb() ) using 0.48 nb−1
of Pb + Pb collision data taken at √sNN = 5.02 TeV. This
reaction directly probes the quasireal photon fluxes surround-
ing the highly boosted nuclei. The cross section of dimuons
is corrected for detector effects, as well as for backgrounds
from dissociative processes. The acoplanarity distributions
are used to subtract dissociative backgrounds using fits in-
corporating contributions from signal and background. The
signal is modeled by STARlight 2.0 with QED showering
using PYTHIA8, and backgrounds are modeled using the single
dissociative process from LPAIR 4.0. After all corrections,
differential cross sections in a fiducial acceptance (pT,μ > 4
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FIG. 12. (a) Fully corrected differential cross sections dσ/dα for
0n0n-selected data. Data are compared with absolute cross sections
from STARlight with, and without, PYTHIA8 QED showering. Statis-
tical uncertainties are shown as error bars. (b) Ratios of STARlight
+PYTHIA8 cross sections (black circles) and STARlight cross sec-
tions (magenta circles) to the data. The STARlight ratios do not
extend beyond α = 0.01 due to the absence of higher-order QED
effects. The blue band around unity indicates the overall systematic
uncertainty, while the gray bands around the data points reflect the
uncertainties associated with the bin-by-bin unfolding.
GeV, |ημ| < 2.4, mμμ > 10 GeV, pT,μμ < 2 GeV) are pre-
sented as a function of mμμ, |yμμ|, | cos ϑμμ| , kmax, and kmin,
and compared with STARlight 2.0 calculations. Generally,
good agreement is found but some systematic differences
are seen, which may be explained by deficiencies in the
modeling of the incoming photon flux. In particular, allow-
ing dilepton pairs to be produced deeper within the nuclear
skin may be sufficient to explain the observed differences,
something which could be addressed systematically within the
currently available models. Progress in modeling this process,
using the data presented here, will be important in reducing
uncertainties in the photon fluxes. These reduced uncertainties
will be needed for precision studies of QED and QCD in
nuclear collisions, as well as to probe physics beyond the
standard model, both at the LHC, especially with the increased
luminosity expected, and at future machines.
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Electromagnetic heavy-lepton pair production in relativistic
heavy-ion collisions, Eur. Phys. J. C 76, 428 (2016).
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H. Mildner,149 A. Milic,167 C. D. Milke,42 D. W. Miller,37 L. S. Miller,34 A. Milov,180 D. A. Milstead,45a,45b R. A. Mina,153
A. A. Minaenko,123 I. A. Minashvili,159b L. Mince,57 A. I. Mincer,125 B. Mindur,84a M. Mineev,80 Y. Minegishi,163 Y. Mino,86
L. M. Mir,14 M. Mironova,134 K. P. Mistry,136 T. Mitani,179 J. Mitrevski,114 V. A. Mitsou,174 M. Mittal,60c O. Miu,167
A. Miucci,20 P. S. Miyagawa,93 A. Mizukami,82 J. U. Mjörnmark,97 T. Mkrtchyan,61a M. Mlynarikova,121 T. Moa,45a,45b
S. Mobius,53 K. Mochizuki,110 P. Moder,46 P. Mogg,114 S. Mohapatra,39 R. Moles-Valls,24 K. Mönig,46 E. Monnier,102
A. Montalbano,152 J. Montejo Berlingen,36 M. Montella,95 F. Monticelli,89 S. Monzani,69a N. Morange,65 A. L. Moreira De
Carvalho,139a D. Moreno,22a M. Moreno Llácer,174 C. Moreno Martinez,14 P. Morettini,55b M. Morgenstern,160
S. Morgenstern,48 D. Mori,152 M. Morii,59 M. Morinaga,179 V. Morisbak,133 A. K. Morley,36 G. Mornacchi,36 A. P. Morris,95
L. Morvaj,155 P. Moschovakos,36 B. Moser,120 M. Mosidze,159b T. Moskalets,144 P. Moskvitina,119 J. Moss,31,m
E. J. W. Moyse,103 S. Muanza,102 J. Mueller,138 R. S. P. Mueller,114 D. Muenstermann,90 G. A. Mullier,97 D. P. Mungo,69a,69b
J. L. Munoz Martinez,14 F. J. Munoz Sanchez,101 P. Murin,28b W. J. Murray,178,143 A. Murrone,69a,69b J. M. Muse,128
M. Muškinja,18 C. Mwewa,33a A. G. Myagkov,123,ag A. A. Myers,138 G. Myers,66 J. Myers,131 M. Myska,141 B. P. Nachman,18
O. Nackenhorst,47 A. Nag Nag,48 K. Nagai,134 K. Nagano,82 Y. Nagasaka,62 J. L. Nagle,29 E. Nagy,102 A. M. Nairz,36
Y. Nakahama,117 K. Nakamura,82 T. Nakamura,163 H. Nanjo,132 F. Napolitano,61a R. F. Naranjo Garcia,46 R. Narayan,42
I. Naryshkin,137 M. Naseri,34 T. Naumann,46 G. Navarro,22a P. Y. Nechaeva,111 F. Nechansky,46 T. J. Neep,21 A. Negri,71a,71b
M. Negrini,23b C. Nellist,119 C. Nelson,104 M. E. Nelson,45a,45b S. Nemecek,140 M. Nessi,36,e M. S. Neubauer,173 F. Neuhaus,100
M. Neumann,182 R. Newhouse,175 P. R. Newman,21 C. W. Ng,138 Y. S. Ng,19 Y. W. Y. Ng,171 B. Ngair,35d H. D. N. Nguyen,102
T. Nguyen Manh,110 E. Nibigira,38 R. B. Nickerson,134 R. Nicolaidou,144 D. S. Nielsen,40 J. Nielsen,145 M. Niemeyer,53
N. Nikiforou,11 V. Nikolaenko,123,ag I. Nikolic-Audit,135 K. Nikolopoulos,21 P. Nilsson,29 H. R. Nindhito,54 A. Nisati,73a
N. Nishu,60c R. Nisius,115 I. Nitsche,47 T. Nitta,179 T. Nobe,163 D. L. Noel,32 Y. Noguchi,86 I. Nomidis,135 M. A. Nomura,29
M. Nordberg,36 J. Novak,92 T. Novak,92 O. Novgorodova,48 R. Novotny,141 L. Nozka,130 K. Ntekas,171 E. Nurse,95
F. G. Oakham,34,al H. Oberlack,115 J. Ocariz,135 A. Ochi,83 I. Ochoa,39 J. P. Ochoa-Ricoux,146a K. O’Connor,26 S. Oda,88
S. Odaka,82 S. Oerdek,53 A. Ogrodnik,84a A. Oh,101 C. C. Ohm,154 H. Oide,165 M. L. Ojeda,167 H. Okawa,169 Y. Okazaki,86
M. W. O’Keefe,91 Y. Okumura,163 A. Olariu,27b L. F. Oleiro Seabra,139a S. A. Olivares Pino,146a D. Oliveira Damazio,29
J. L. Oliver,1 M. J. R. Olsson,171 A. Olszewski,85 J. Olszowska,85 Ö. O. Öncel,24 D. C. O’Neil,152 A. P. O’neill,134
A. Onofre,139a,139e P. U. E. Onyisi,11 H. Oppen,133 R. G. Oreamuno Madriz,121 M. J. Oreglia,37 G. E. Orellana,89
D. Orestano,75a,75b N. Orlando,14 R. S. Orr,167 V. O’Shea,57 R. Ospanov,60a G. Otero y Garzon,30 H. Otono,88 P. S. Ott,61a
G. J. Ottino,18 M. Ouchrif,35c J. Ouellette,29 F. Ould-Saada,133 A. Ouraou,144,* Q. Ouyang,15a M. Owen,57 R. E. Owen,143
024906-24
EXCLUSIVE DIMUON PRODUCTION IN … PHYSICAL REVIEW C 104, 024906 (2021)
V. E. Ozcan,12c N. Ozturk,8 J. Pacalt,130 H. A. Pacey,32 K. Pachal,49 A. Pacheco Pages,14 C. Padilla Aranda,14 S. Pagan Griso,18
G. Palacino,66 S. Palazzo,50 S. Palestini,36 M. Palka,84b P. Palni,84a C. E. Pandini,54 J. G. Panduro Vazquez,94 P. Pani,46
G. Panizzo,67a,67c L. Paolozzi,54 C. Papadatos,110 K. Papageorgiou,9,g S. Parajuli,42 A. Paramonov,6 C. Paraskevopoulos,10
D. Paredes Hernandez,63b S. R. Paredes Saenz,134 B. Parida,180 T. H. Park,167 A. J. Parker,31 M. A. Parker,32 F. Parodi,55b,55a
E. W. Parrish,121 J. A. Parsons,39 U. Parzefall,52 L. Pascual Dominguez,135 V. R. Pascuzzi,18 J. M. P. Pasner,145 F. Pasquali,120
E. Pasqualucci,73a S. Passaggio,55b F. Pastore,94 P. Pasuwan,45a,45b S. Pataraia,100 J. R. Pater,101 A. Pathak,181,i J. Patton,91
T. Pauly,36 J. Pearkes,153 B. Pearson,115 M. Pedersen,133 L. Pedraza Diaz,119 R. Pedro,139a T. Peiffer,53
S. V. Peleganchuk,122b,122a O. Penc,140 C. Peng,63b H. Peng,60a B. S. Peralva,81a M. M. Perego,65 A. P. Pereira Peixoto,139a
L. Pereira Sanchez,45a,45b D. V. Perepelitsa,29 E. Perez Codina,168a F. Peri,19 L. Perini,69a,69b H. Pernegger,36 S. Perrella,36
A. Perrevoort,120 K. Peters,46 R. F. Y. Peters,101 B. A. Petersen,36 T. C. Petersen,40 E. Petit,102 V. Petousis,141 C. Petridou,162
F. Petrucci,75a,75b M. Pettee,183 N. E. Pettersson,103 K. Petukhova,142 A. Peyaud,144 R. Pezoa,146d L. Pezzotti,71a,71b T. Pham,105
P. W. Phillips,143 M. W. Phipps,173 G. Piacquadio,155 E. Pianori,18 A. Picazio,103 R. H. Pickles,101 R. Piegaia,30 D. Pietreanu,27b
J. E. Pilcher,37 A. D. Pilkington,101 M. Pinamonti,67a,67c J. L. Pinfold,3 C. Pitman Donaldson,95 M. Pitt,161 L. Pizzimento,74a,74b
A. Pizzini,120 M.-A. Pleier,29 V. Plesanovs,52 V. Pleskot,142 E. Plotnikova,80 P. Podberezko,122b,122a R. Poettgen,97 R. Poggi,54
L. Poggioli,135 I. Pogrebnyak,107 D. Pohl,24 I. Pokharel,53 G. Polesello,71a A. Poley,152,168a A. Policicchio,73a,73b R. Polifka,142
A. Polini,23b C. S. Pollard,46 V. Polychronakos,29 D. Ponomarenko,112 L. Pontecorvo,36 S. Popa,27a G. A. Popeneciu,27d
L. Portales,5 D. M. Portillo Quintero,58 S. Pospisil,141 K. Potamianos,46 I. N. Potrap,80 C. J. Potter,32 H. Potti,11 T. Poulsen,97
J. Poveda,174 T. D. Powell,149 G. Pownall,46 M. E. Pozo Astigarraga,36 A. Prades Ibanez,174 P. Pralavorio,102 M. M. Prapa,44
S. Prell,79 D. Price,101 M. Primavera,68a M. L. Proffitt,148 N. Proklova,112 K. Prokofiev,63c F. Prokoshin,80 S. Protopopescu,29
J. Proudfoot,6 M. Przybycien,84a D. Pudzha,137 A. Puri,173 P. Puzo,65 D. Pyatiizbyantseva,112 J. Qian,106 Y. Qin,101 A. Quadt,53
M. Queitsch-Maitland,36 M. Racko,28a F. Ragusa,69a,69b G. Rahal,98 J. A. Raine,54 S. Rajagopalan,29 A. Ramirez Morales,93
K. Ran,15a,15d D. M. Rauch,46 F. Rauscher,114 S. Rave,100 B. Ravina,57 I. Ravinovich,180 J. H. Rawling,101 M. Raymond,36
A. L. Read,133 N. P. Readioff,149 M. Reale,68a,68b D. M. Rebuzzi,71a,71b G. Redlinger,29 K. Reeves,43 D. Reikher,161 A. Reiss,100
A. Rej,151 C. Rembser,36 A. Renardi,46 M. Renda,27b M. B. Rendel,115 A. G. Rennie,57 S. Resconi,69a E. D. Resseguie,18
S. Rettie,95 B. Reynolds,127 E. Reynolds,21 O. L. Rezanova,122b,122a P. Reznicek,142 E. Ricci,76a,76b R. Richter,115 S. Richter,46
E. Richter-Was,84b M. Ridel,135 P. Rieck,115 O. Rifki,46 M. Rijssenbeek,155 A. Rimoldi,71a,71b M. Rimoldi,46 L. Rinaldi,23b
T. T. Rinn,173 G. Ripellino,154 I. Riu,14 P. Rivadeneira,46 J. C. Rivera Vergara,176 F. Rizatdinova,129 E. Rizvi,93 C. Rizzi,36
S. H. Robertson,104,aa M. Robin,46 D. Robinson,32 C. M. Robles Gajardo,146d M. Robles Manzano,100 A. Robson,57
A. Rocchi,74a,74b C. Roda,72a,72b S. Rodriguez Bosca,174 A. Rodriguez Rodriguez,52 A. M. Rodríguez Vera,168b S. Roe,36
J. Roggel,182 O. Røhne,133 R. Röhrig,115 R. A. Rojas,146d B. Roland,52 C. P. A. Roland,66 J. Roloff,29 A. Romaniouk,112
M. Romano,23b,23a N. Rompotis,91 M. Ronzani,125 L. Roos,135 S. Rosati,73a G. Rosin,103 B. J. Rosser,136 E. Rossi,46
E. Rossi,75a,75b E. Rossi,70a,70b L. P. Rossi,55b L. Rossini,46 R. Rosten,14 M. Rotaru,27b B. Rottler,52 D. Rousseau,65
G. Rovelli,71a,71b A. Roy,11 D. Roy,33c A. Rozanov,102 Y. Rozen,160 X. Ruan,33c T. A. Ruggeri,1 F. Rühr,52 A. Ruiz-Martinez,174
A. Rummler,36 Z. Rurikova,52 N. A. Rusakovich,80 H. L. Russell,104 L. Rustige,38,47 J. P. Rutherfoord,7 E. M. Rüttinger,149
M. Rybar,142 G. Rybkin,65 E. B. Rye,133 A. Ryzhov,123 J. A. Sabater Iglesias,46 P. Sabatini,174 L. Sabetta,73a,73b S. Sacerdoti,65
H. F.-W. Sadrozinski,145 R. Sadykov,80 F. Safai Tehrani,73a B. Safarzadeh Samani,156 M. Safdari,153 P. Saha,121 S. Saha,104
M. Sahinsoy,115 A. Sahu,182 M. Saimpert,36 M. Saito,163 T. Saito,163 H. Sakamoto,163 D. Salamani,54 G. Salamanna,75a,75b
A. Salnikov,153 J. Salt,174 A. Salvador Salas,14 D. Salvatore,41b,41a F. Salvatore,156 A. Salvucci,63a A. Salzburger,36
J. Samarati,36 D. Sammel,52 D. Sampsonidis,162 D. Sampsonidou,162 J. Sánchez,174 A. Sanchez Pineda,67a,36,67c H. Sandaker,133
C. O. Sander,46 I. G. Sanderswood,90 M. Sandhoff,182 C. Sandoval,22b D. P. C. Sankey,143 M. Sannino,55b,55a Y. Sano,117
A. Sansoni,51 C. Santoni,38 H. Santos,139a,139b S. N. Santpur,18 A. Santra,174 K. A. Saoucha,149 A. Sapronov,80
J. G. Saraiva,139a,139d O. Sasaki,82 K. Sato,169 F. Sauerburger,52 E. Sauvan,5 P. Savard,167,al R. Sawada,163 C. Sawyer,143
L. Sawyer,96,af I. Sayago Galvan,174 C. Sbarra,23b A. Sbrizzi,67a,67c T. Scanlon,95 J. Schaarschmidt,148 P. Schacht,115
D. Schaefer,37 L. Schaefer,136 U. Schäfer,100 A. C. Schaffer,65 D. Schaile,114 R. D. Schamberger,155 E. Schanet,114 C. Scharf,19
N. Scharmberg,101 V. A. Schegelsky,137 D. Scheirich,142 F. Schenck,19 M. Schernau,171 C. Schiavi,55b,55a L. K. Schildgen,24
Z. M. Schillaci,26 E. J. Schioppa,68a,68b M. Schioppa,41b,41a K. E. Schleicher,52 S. Schlenker,36 K. R. Schmidt-Sommerfeld,115
K. Schmieden,100 C. Schmitt,100 S. Schmitt,46 L. Schoeffel,144 A. Schoening,61b P. G. Scholer,52 E. Schopf,134 M. Schott,100
J. F. P. Schouwenberg,119 J. Schovancova,36 S. Schramm,54 F. Schroeder,182 A. Schulte,100 H.-C. Schultz-Coulon,61a
M. Schumacher,52 B. A. Schumm,145 Ph. Schune,144 A. Schwartzman,153 T. A. Schwarz,106 Ph. Schwemling,144
R. Schwienhorst,107 A. Sciandra,145 G. Sciolla,26 M. Scornajenghi,41b,41a F. Scuri,72a F. Scutti,105 L. M. Scyboz,115
C. D. Sebastiani,91 K. Sedlaczek,47 P. Seema,19 S. C. Seidel,118 A. Seiden,145 B. D. Seidlitz,29 T. Seiss,37 C. Seitz,46
J. M. Seixas,81b G. Sekhniaidze,70a S. J. Sekula,42 N. Semprini-Cesari,23b,23a S. Sen,49 C. Serfon,29 L. Serin,65 L. Serkin,67a,67b
M. Sessa,60a H. Severini,128 S. Sevova,153 F. Sforza,55b,55a A. Sfyrla,54 E. Shabalina,53 J. D. Shahinian,136 N. W. Shaikh,45a,45b
D. Shaked Renous,180 L. Y. Shan,15a M. Shapiro,18 A. Sharma,36 A. S. Sharma,1 P. B. Shatalov,124 K. Shaw,156 S. M. Shaw,101
M. Shehade,180 Y. Shen,128 A. D. Sherman,25 P. Sherwood,95 L. Shi,95 C. O. Shimmin,183 Y. Shimogama,179 M. Shimojima,116
J. D. Shinner,94 I. P. J. Shipsey,134 S. Shirabe,165 M. Shiyakova,80,y J. Shlomi,180 A. Shmeleva,111 M. J. Shochet,37 J. Shojaii,105
D. R. Shope,154 S. Shrestha,127 E. M. Shrif,33c M. J. Shroff,176 E. Shulga,180 P. Sicho,140 A. M. Sickles,173
E. Sideras Haddad,33c O. Sidiropoulou,36 A. Sidoti,23b,23a F. Siegert,48 Dj. Sijacki,16 M. Silva, Jr.,16 M. V. Silva Oliveira,36
024906-25
G. AAD et al. PHYSICAL REVIEW C 104, 024906 (2021)
S. B. Silverstein,45a S. Simion,65 R. Simoniello,100 C. J. Simpson-allsop,21 S. Simsek,12b P. Sinervo,167 V. Sinetckii,113
S. Singh,152 M. Sioli,23b,23a I. Siral,131 S. Yu. Sivoklokov,113 J. Sjölin,45a,45b A. Skaf,53 E. Skorda,97 P. Skubic,128
M. Slawinska,85 K. Sliwa,170 R. Slovak,142 V. Smakhtin,180 B. H. Smart,143 J. Smiesko,28b N. Smirnov,112 S. Yu. Smirnov,112
Y. Smirnov,112 L. N. Smirnova,113,r O. Smirnova,97 E. A. Smith,37 H. A. Smith,134 M. Smizanska,90 K. Smolek,141
A. Smykiewicz,85 A. A. Snesarev,111 H. L. Snoek,120 I. M. Snyder,131 S. Snyder,29 R. Sobie,176,aa A. Soffer,161 A. Søgaard,50
F. Sohns,53 C. A. Solans Sanchez,36 E. Yu. Soldatov,112 U. Soldevila,174 A. A. Solodkov,123 A. Soloshenko,80
O. V. Solovyanov,123 V. Solovyev,137 P. Sommer,149 H. Son,170 A. Sonay,14 W. Song,143 W. Y. Song,168b A. Sopczak,141
A. L. Sopio,95 F. Sopkova,28b S. Sottocornola,71a,71b R. Soualah,67a,67c A. M. Soukharev,122b,122a D. South,46 S. Spagnolo,68a,68b
M. Spalla,115 M. Spangenberg,178 F. Spanò,94 D. Sperlich,52 T. M. Spieker,61a G. Spigo,36 M. Spina,156 D. P. Spiteri,57
M. Spousta,142 A. Stabile,69a,69b B. L. Stamas,121 R. Stamen,61a M. Stamenkovic,120 A. Stampekis,21 E. Stanecka,85
B. Stanislaus,134 M. M. Stanitzki,46 M. Stankaityte,134 B. Stapf,120 E. A. Starchenko,123 G. H. Stark,145 J. Stark,58 P. Staroba,140
P. Starovoitov,61a S. Stärz,104 R. Staszewski,85 G. Stavropoulos,44 M. Stegler,46 P. Steinberg,29 A. L. Steinhebel,131
B. Stelzer,152,168a H. J. Stelzer,138 O. Stelzer-Chilton,168a H. Stenzel,56 T. J. Stevenson,156 G. A. Stewart,36 M. C. Stockton,36
G. Stoicea,27b M. Stolarski,139a S. Stonjek,115 A. Straessner,48 J. Strandberg,154 S. Strandberg,45a,45b M. Strauss,128
T. Strebler,102 P. Strizenec,28b R. Ströhmer,177 D. M. Strom,131 R. Stroynowski,42 A. Strubig,45a,45b S. A. Stucci,29 B. Stugu,17
J. Stupak,128 N. A. Styles,46 D. Su,153 W. Su,60c,148 X. Su,60a V. V. Sulin,111 M. J. Sullivan,91 D. M. S. Sultan,54 S. Sultansoy,4c
T. Sumida,86 S. Sun,106 X. Sun,101 C. J. E. Suster,157 M. R. Sutton,156 S. Suzuki,82 M. Svatos,140 M. Swiatlowski,168a
S. P. Swift,2 T. Swirski,177 A. Sydorenko,100 I. Sykora,28a M. Sykora,142 T. Sykora,142 D. Ta,100 K. Tackmann,46,x J. Taenzer,161
A. Taffard,171 R. Tafirout,168a E. Tagiev,123 R. H. M. Taibah,135 R. Takashima,87 K. Takeda,83 T. Takeshita,150 E. P. Takeva,50
Y. Takubo,82 M. Talby,102 A. A. Talyshev,122b,122a K. C. Tam,63b N. M. Tamir,161 J. Tanaka,163 R. Tanaka,65 S. Tapia Araya,173
S. Tapprogge,100 A. Tarek Abouelfadl Mohamed,107 S. Tarem,160 K. Tariq,60b G. Tarna,27b,d G. F. Tartarelli,69a P. Tas,142
M. Tasevsky,140 E. Tassi,41b,41a A. Tavares Delgado,139a Y. Tayalati,35d A. J. Taylor,50 G. N. Taylor,105 W. Taylor,168b
H. Teagle,91 A. S. Tee,90 R. Teixeira De Lima,153 P. Teixeira-Dias,94 H. Ten Kate,36 J. J. Teoh,120 K. Terashi,163 J. Terron,99
S. Terzo,14 M. Testa,51 R. J. Teuscher,167,aa S. J. Thais,183 N. Themistokleous,50 T. Theveneaux-Pelzer,46 F. Thiele,40
D. W. Thomas,94 J. O. Thomas,42 J. P. Thomas,21 E. A. Thompson,46 P. D. Thompson,21 E. Thomson,136 E. J. Thorpe,93
R. E. Ticse Torres,53 V. O. Tikhomirov,111,ah Yu. A. Tikhonov,122b,122a S. Timoshenko,112 P. Tipton,183 S. Tisserant,102
K. Todome,23b,23a S. Todorova-Nova,142 S. Todt,48 J. Tojo,88 S. Tokár,28a K. Tokushuku,82 E. Tolley,127 R. Tombs,32
K. G. Tomiwa,33c M. Tomoto,82,117 L. Tompkins,153 P. Tornambe,103 E. Torrence,131 H. Torres,48 E. Torró Pastor,174
M. Toscani,30 C. Tosciri,134 J. Toth,102,z D. R. Tovey,149 A. Traeet,17 C. J. Treado,125 T. Trefzger,177 F. Tresoldi,156 A. Tricoli,29
I. M. Trigger,168a S. Trincaz-Duvoid,135 D. A. Trischuk,175 W. Trischuk,167 B. Trocmé,58 A. Trofymov,65 C. Troncon,69a
F. Trovato,156 L. Truong,33b M. Trzebinski,85 A. Trzupek,85 F. Tsai,46 J. C.-L. Tseng,134 P. V. Tsiareshka,108,ae A. Tsirigotis,162,u
V. Tsiskaridze,155 E. G. Tskhadadze,159a M. Tsopoulou,162 I. I. Tsukerman,124 V. Tsulaia,18 S. Tsuno,82 D. Tsybychev,155
Y. Tu,63b A. Tudorache,27b V. Tudorache,27b T. T. Tulbure,27a A. N. Tuna,59 S. Turchikhin,80 D. Turgeman,180 I. Turk Cakir,4b,s
R. J. Turner,21 R. Turra,69a P. M. Tuts,39 S. Tzamarias,162 E. Tzovara,100 K. Uchida,163 F. Ukegawa,169 G. Unal,36 M. Unal,11
A. Undrus,29 G. Unel,171 F. C. Ungaro,105 Y. Unno,82 K. Uno,163 J. Urban,28b P. Urquijo,105 G. Usai,8 Z. Uysal,12d V. Vacek,141
B. Vachon,104 K. O. H. Vadla,133 T. Vafeiadis,36 A. Vaidya,95 C. Valderanis,114 E. Valdes Santurio,45a,45b M. Valente,168a
S. Valentinetti,23b,23a A. Valero,174 L. Valéry,46 R. A. Vallance,21 A. Vallier,36 J. A. Valls Ferrer,174 T. R. Van Daalen,14 P. Van
Gemmeren,6 S. Van Stroud,95 I. Van Vulpen,120 M. Vanadia,74a,74b W. Vandelli,36 M. Vandenbroucke,144 E. R. Vandewall,129
A. Vaniachine,166 D. Vannicola,73a,73b R. Vari,73a E. W. Varnes,7 C. Varni,55b,55a T. Varol,158 D. Varouchas,65 K. E. Varvell,157
M. E. Vasile,27b G. A. Vasquez,176 F. Vazeille,38 D. Vazquez Furelos,14 T. Vazquez Schroeder,36 J. Veatch,53 V. Vecchio,101
M. J. Veen,120 L. M. Veloce,167 F. Veloso,139a,139c S. Veneziano,73a A. Ventura,68a,68b A. Verbytskyi,115 V. Vercesi,71a
M. Verducci,72a,72b C. M. Vergel Infante,79 C. Vergis,24 W. Verkerke,120 A. T. Vermeulen,120 J. C. Vermeulen,120 C. Vernieri,153
P. J. Verschuuren,94 M. C. Vetterli,152,al N. Viaux Maira,146d T. Vickey,149 O. E. Vickey Boeriu,149 G. H. A. Viehhauser,134
L. Vigani,61b M. Villa,23b,23a M. Villaplana Perez,3 E. M. Villhauer,50 E. Vilucchi,51 M. G. Vincter,34 G. S. Virdee,21
A. Vishwakarma,50 C. Vittori,23b,23a I. Vivarelli,156 M. Vogel,182 P. Vokac,141 S. E. von Buddenbrock,33c E. Von Toerne,24
V. Vorobel,142 K. Vorobev,112 M. Vos,174 J. H. Vossebeld,91 M. Vozak,101 N. Vranjes,16 M. Vranjes Milosavljevic,16
V. Vrba,141,* M. Vreeswijk,120 N. K. Vu,102 R. Vuillermet,36 I. Vukotic,37 S. Wada,169 P. Wagner,24 W. Wagner,182
J. Wagner-Kuhr,114 S. Wahdan,182 H. Wahlberg,89 R. Wakasa,169 V. M. Walbrecht,115 J. Walder,143 R. Walker,114
S. D. Walker,94 W. Walkowiak,151 V. Wallangen,45a,45b A. M. Wang,59 A. Z. Wang,181 C. Wang,60a C. Wang,60c F. Wang,181
H. Wang,18 H. Wang,3 J. Wang,63a P. Wang,42 Q. Wang,128 R.-J. Wang,100 R. Wang,60a R. Wang,6 S. M. Wang,158
W. T. Wang,60a W. Wang,15c W. X. Wang,60a Y. Wang,60a Z. Wang,106 C. Wanotayaroj,46 A. Warburton,104 C. P. Ward,32
R. J. Ward,21 N. Warrack,57 A. T. Watson,21 M. F. Watson,21 G. Watts,148 B. M. Waugh,95 A. F. Webb,11 C. Weber,29
M. S. Weber,20 S. A. Weber,34 S. M. Weber,61a A. R. Weidberg,134 J. Weingarten,47 M. Weirich,100 C. Weiser,52 P. S. Wells,36
T. Wenaus,29 B. Wendland,47 T. Wengler,36 S. Wenig,36 N. Wermes,24 M. Wessels,61a T. D. Weston,20 K. Whalen,131
A. M. Wharton,90 A. S. White,106 A. White,8 M. J. White,1 D. Whiteson,171 B. W. Whitmore,90 W. Wiedenmann,181 C. Wiel,48
M. Wielers,143 N. Wieseotte,100 C. Wiglesworth,40 L. A. M. Wiik-Fuchs,52 H. G. Wilkens,36 L. J. Wilkins,94 H. H. Williams,136
S. Williams,32 S. Willocq,103 P. J. Windischhofer,134 I. Wingerter-Seez,5 E. Winkels,156 F. Winklmeier,131 B. T. Winter,52
M. Wittgen,153 M. Wobisch,96 A. Wolf,100 R. Wölker,134 J. Wollrath,52 M. W. Wolter,85 H. Wolters,139a,139c V. W. S. Wong,175
024906-26
EXCLUSIVE DIMUON PRODUCTION IN … PHYSICAL REVIEW C 104, 024906 (2021)
N. L. Woods,145 S. D. Worm,46 B. K. Wosiek,85 K. W. Woźniak,85 K. Wraight,57 S. L. Wu,181 X. Wu,54 Y. Wu,60a
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